Abstract: In this paper, an integrated polarization-insensitive optical comb filter with flat passband and tunable central wavelength is designed based on cascaded Mach-Zehnder structure. It is realized by employing three specific directional couplers with square waveguides. The central wavelength of the proposed filter for both TE and TM modes can be equally shifted. Simulation results show that the designed filter has a 3-dB bandwidth of 2.8 nm, a free spectral range of 6.09 nm, and a minimum insertion loss of 0.315 and 0.325 dB for TE and TM mode, respectively. Moreover, the polarization-dependent loss is ∼0.05 dB over the passband.
Introduction
Optical filter with a flat pass band is fundamental and valuable in the integrated signal processing circuits based on silicon-on-insulator (SOI) platforms [1] , [2] . Besides, the wavelength tunability of systems is also very important for the dynamic networks in practice. Such characteristics can not only extend the applicable wavelength range of devices, but also compensate for the performance deviations caused by fabrication errors. Nowadays, several methods have been demonstrated to achieve optical flat pass-band filters including using cascaded ring resonators [3] - [6] , array waveguide gratings (AWG) [7] , [8] , cascaded MZ filters [9] - [11] and Bragg gratings [12] . Most of these devices exhibit flat transmission pass-bands while they are limited by the polarization dependence and fixed central wavelength. On the other hand, various methods can implement the wavelength tunability and flat transmission pass-band [3] , [5] based on thermo-optic effect, while such silicon photonic devices may suffer from the intrinsic polarization sensitivity that is caused by the high refractive index contrast between silicon (Si) and silica (SiO 2 ). Therefore, a polarizationinsensitive and tunable filter with flat pass-band is highly desired in integrated signal processing chips, i.e., photonic wavelength division multiplexing (WDM) [2] . These three characteristics, i.e., flat transmission pass-band, polarization-insensitivity and wavelength tunability, can be achieved by introducing the polarization-diversity schemes [3] . The polarization-diversity technique is a way to overcome the problem of polarization dependence by splitting the input optical signal with an arbitrary polarization into the TE and TM polarizations and converting one polarization into another. Thus, there are two identical structures for TE and TM modes. In addition, waveguides are made optically isotropic to achieve polarization-insensitive performance with more compact design.
In this paper, a polarization-insensitive optical comb filter with flat pass-band and tunable central wavelength is designed based on two-stage cascaded MZ structure. Utilizing the transform matrix method, this filter is designed and theoretically analyzed. The characteristics of the proposed filter is evaluated using the finite-difference time-domain (FDTD) method. Simulation results indicate that the designed filter exhibits the 3-dB bandwidth of 2.8 nm, the free spectral range of 6.09 nm and the insertion loss of ∼0.32 dB and the polarization-dependent loss (PDL, the difference of maximum transmittance between TE and TM modes) of ∼0.05 dB.
Theory and Device Design

Flat Passband
Two cascaded delay stages ( L 1 and L 2 ) are used to construct the flatted pass-band MachZehnder (MZ) filter, as shown in Fig. 1(a) . It consists of three directional couplers (DCs), and two corresponding heaters above the delay stages. According to the transform matrix method [13] , the transmission spectrum of out 1 (T 1 ) and out 2 (T 2 ) can be analyzed as follows:
Where n eff is the effective index, k 0 is the wave number, γ is the attenuation, κ n is the cross power coupling coefficient of D C n (n = 1, 2, 3), L m is the length difference between the long and the short waveguide arm, and ϕ m refers the phase caused by heaters (m = 1, 2) . The transmission of two out ports will have flat transmission pass-band when κ 1 = 0.5, κ 2 = 0.29, κ 3 = 0.08 and L 2 = 2 L 1 [10] .The period of the cascaded MZ filter (i.e., the free spectral range, FSR) can be express as:
and
According to (1)- (3), the effective index and the cross power coupling coefficient of TE and TM modes should be equal, respectively, i.e., (n eff )
, to achieve the polarization-insensitive MZ filter. Moreover, ϕ m for TE and TM modes should be equal as well to insure that the center wavelength can be equally shifted for both modes. Fig. 1(b) and (c) show that the theoretical transmission of out 2 port when κ 1 = 0.5, κ 2 = 0.29, κ 3 = 0.08 and L 2 = 2 L 1 . Both of them show the flat transmission pass-band. However, the transmissions for two modes are almost overlapped (i.e., identical) in the proposed cascaded MZ filter as shown in Fig. 1(b) , while the transmission for the TM mode fluctuates around −20 dB in the tranditional filter as shown in Fig. 1(c) . That is, the traditional filter suffers from polarizationsensitivity. Therefore, it's necessary to further design the polarization-insensitive performance of this filter.
Polarization-Insensitivity and Wavelength Tunability
To enhance the performance of such filter, we optimize the structure of the filter as shown in Fig. 2(a) . It consists of three DCs with different coupling lengths (L 1 = 6.34 μm, L 2 = 3.9 μm and L 3 = 0.6 μm corresponding to κ 1 = 0.5, κ 2 = 0.29, κ 3 = 0.08), the same gap (g = 220 nm), and two delay stages ( L 2 = 2 L 1 , L 1 = 100 μm). The cascaded MZ structure ensures the flat transmission pass-band. According to (1) , ϕ m = n eff L m · (2π/λ) = n eff 0 + T · (dn/dT ) Si , where n eff 0 refers the effective index without heating input, T is the temperature difference caused by heaters.
, where n eff = n eff 0 + T · (dn/dT ) Si . Subsequently, the polarization sensitivity is related to n eff 0 for both TE and TM modes. To ensure the polarization-insensitivity, other parameters should be well designed as well: 1) The width (w) and thickness (t) of the whole waveguides should be equal (w = t = 400 nm), on account of the same effective indices of fundamental TE and TM modes (i.e., n T E 0 eff 0 = n T M 0 eff 0 ), as indicated in Fig. 2(d) [16] . 2) Moreover, the polarization-insensitive performance of DCs is influenced not only by n eff , but also the coupling ratio that is affected by the beat length of both even and odd modes, L x . The relationship between the L x [ i.e., (L x ) TE − (L x ) TM ] and gap is analyzed in Fig. 2(e). 3) The gap should be set as 220 nm (g = 220 nm) [16] . Based on the 0.4 × 0.4 μm rib waveguide, Fig. 3 shows the coupling coefficients of three DCs (i.e. κ 1 , κ 2 , κ 3 ) for both TE and TM modes, when g = 220 nm. Thus, a high uniformity for TE and TM modes is obtained as κ 1 = 0.007, κ 2 = 0.005 1, 2, 3) . Here, the uniformity corresponds to the difference between the coupling coefficients of TE and TM modes.
Thanks to the thermo-optic effect, we can easily change the refractive index (thermo-optic coefficient of silicon, (dn/dT ) Si = 1.84 × 10 −4 K −1 at 1550 nm) [14] , [15] . And the tunability for both TE and TM modes are the same due to the square waveguide design [16] . The central wavelength can be shifted when the heating power of two delay stages are changed simultaneously. Note that three DCs are built by the rib waveguide with a slab thickness (t slab ) of 0.09 μm for the more compact size while two delays are built by the strip waveguide.
Simulation Results and Discussion
The designed MZ filter is based on the SOI platform, and simulated by finite-difference time-domain (FDTD) method. The optical source is set as a mode source with the absolute optical power of 0 dBm and the boundary condition is set as perfectly matched layer (PML). It should be noted that the transmission mentioned below denotes the ratio of the output power to the input power. The transmission spectra of out 1 and out 2 port for the TE and TM modes are plotted in Fig. 4(a) and (b), respectively. The sideband suppression for TE and TM modes are under -20 dB over the wavelength range between 1530∼1570 nm. Moreover, the comparison between simulated and theoretical transmission of out 1 port is analyzed. The 3-dB bandwidth and FSR are marked in in Fig. 5 . For the theoretical transmission, the 3-dB bandwidth is 2.75 nm while the FSR is 6.19 nm for both TE and TM modes. Simulation results show that the 3-dB bandwidth is 2.81 nm (2.8 nm) while the FSR is 6.09 nm (6.09 nm) for TE (TM) mode. There is only slight difference between simulation and theroretical results. From Fig. 4 , the transmission uniformity for two modes is quite high for both output ports. And the PDL of out 1 (out 2 ) port is about 0.053 dB (0.049 dB) over the flat-topped range. Moreover, the insertion loss of the filter is 0.3148∼0.4400 dB (0.3252∼0.4360 dB) for TE (TM) modes within the wavelength range of 1530∼1570 nm.
Next, the theoretical transmission and simulated transmission of out 1 port for TE and TM modes under four different heating powers, i.e., 0 mW, 10 mW, 20 mw, and 30 mW, are analyzed in Figs. 6 and 7, respectively. Fig. 6(a) and (b) show the theoretical transmission based on (1) with ideal coupling coefficient κ (i.e., κ is kept constant over the wavelength band). As indicated in the Fig. 6 , the center wavelength is tuned with rising heating power. Noted that, the central wavelength could be tuned from 1550.29 to 1551.39 nm when the heat power is changed from 0 to 10 mW for both modes. Then the simulated transmission spectra are shown in Fig. 7 , verifying the effectiveness of this method. The difference between theoretical and simulated transmission spectra is the sideband suppression. As shown in Fig. 7 , the sideband suppressions for TE and TM modes fluctuate from 30 dB to 20 dB along with the increasing of the wavelength. While the theoretical sideband suppressions are fixed to be −25 dB. This is due to the fact that the simulated coupling coefficient κ is a function of the wavelength, which could influence the coupling.
Furthermore, assuming that the change of the waveguide width occurs symmetrically with respect to the center of the waveguide, the tolerance of proposed MZ filter is analyzed. Fig. 8(a) and (b) show that the transmission of out 1 for TE and TM modes with the gap and waveguide width of (g, w ) = (210, 410), (220, 400), (230, 390) nm. It should be noted that, when (g, w) is changed from (220, 400) to (210, 410), the central wavelength is shifted from 1550.29 to 1548.19 nm. Besides, the central wavelength is shifted from 1550.29 to 1550.49 nm when (g, w) is changed from (220, 400) to (230, 390) nm. Then, we set the heating power as 10 mW to adjust the shift as (g, w ) = (210, 410) nm and the shift of center wavelength is obviously decreased as shown in Fig. 9 . Therefore, this designed filter has a tolerance of ±10 nm for the gap and waveguide width which accords with the machining precision.
Conclusion
In summary, we have designed a flat-pass band filter based on cascaded MZI structure, characterized by polarization insensitivity and wavelength tunability. Simulation results show that the 3-dB bandwidth is 2.8 nm and the FSR is 6.09 nm. The PDL values are fairly low for both output ports. Moreover, the tolerance of the gap and waveguide width is ±10 nm. The designed filter with a simple structure may find its applications in the future on-chip signal processing, such as WDM transceivers for optical data communication.
